Breakeven ethanol price 
a b s t r a c t
Limited information is available regarding the change in cost to deliver dedicated energy crop feedstock as the quantity of required feedstock increases. The objective is to determine the marginal cost to produce and deliver switchgrass feedstock to biorefineries. A mathematical programming model that includes 77 production regions (Oklahoma counties), monthly feedstock requirements, integer activities for harvest machines and integer activities for each of 16 potential biorefinery locations was constructed. The model was initially solved for a single biorefinery. The number of plants was incremented by one and the model resolved until nearly 10% of the cropland and improved pasture land was converted to switchgrass. The estimated cost to deliver 1.0 Mg of feedstock to a single 189 dam 3 y À1 capacity biorefinery is 55 $. The cost to deliver feedstock increases as additional biorefineries are constructed and the cost for the ninth biorefinery of 87 $ Mg À1 is 58% greater than the cost to deliver to the first biorefinery. The cost difference is primarily due to differences in transportation cost. Initial cellulosic biorefineries will have an opportunity for establishing a feedstock cost advantage by carefully selecting land for conversion to switchgrass and by negotiating long term leases. 
Introduction
In 2007, the U.S. Energy Independence and Security Act (EISA) was passed by the U.S. Congress and signed by President Bush to encourage production of biofuel from cellulosic feedstock. EISA mandated that if produced, 136 hm 3 of renewable fuel should be used in the nation's fuel supply by the year 2022, including 61 hm 3 from advanced cellulosic feedstocks. To meet this biofuel mandate it is expected that the majority will be produced from lignocellulosic feedstocks such as agricultural crop residues, waste products, woody biomass and dedicated energy crops [1] . The Department of Energy has proposed that dedicated energy crops such as switchgrass produced on marginal lands could provide a substantial quantity of low cost feedstock [2] . Switchgrass may be a viable alternative but currently infrastructure for production, harvest, storage and transportation of switchgrass biomass does not exist [3] . Given an expected conversion rate of 0.35 m 3 Mg
À1
, a 189 dam 3 y À1 biorefinery would require
Gg d
À1 of switchgrass biomass [4] . For an average harvestable yield of 10 Mg ha À1 such a biorefinery would require production from 148 ha d À1 [5] .
As the number of biorefineries in a region increases the competition for land to produce feedstock will increase. As a result, some feedstock will have to be produced on less productive land and transported greater distances, both of which will increase the average cost. Timmons [6] reported that if less productive land is used to grow switchgrass biomass, biofuel production costs will increase. In addition, research has reported that transportation costs would comprise a large percentage of biomass feedstock delivery cost [7e10] . Several studies have used a Geographic Information System (GIS) to identify potential facility locations for biofuel production as biomass feedstock is geographically dispersed and the location of a biofuel plant influences transportation costs [10, 11] . Graham et al. [12] estimated the marginal cost of delivering biomass (wood chips) from different regions of the state of Tennessee and found that the marginal costs of delivered chips varied by both facility location and facility demand. However, limited information exists regarding the expected increase in cost to deliver feedstock to the biorefinery as the number of biorefineries increases.
A number of studies have evaluated the farm gate costs of producing switchgrass [13e16] . A few studies have evaluated the cost to deliver switchgrass feedstock to a single biorefinery or facility, and the results are mixed [3,7,8,17e19 ]. For instance, Brechbill et al. [17] estimated that the total cost to deliver switchgrass biomass a distance of 60 km in Indiana ranged between 80 and 90 $ Mg
À1
. Vadas, Barnett, and Undersander [18] estimated a cost of 77 $ Mg À1 to deliver switchgrass biomass to a biorefinery in Wisconsin with land and transportation cost comprising 44% of the total cost. Studies conducted in Illinois and Iowa found production, harvest, storage and transportation costs for switchgrass biomass delivered to a single biorefinery were 98 and 125 $ Mg
, respectively [7, 8] . Both of these studies also found that land, production and transportation costs of switchgrass were 57% of the total cost considered. In contrast, Epplin et al. [3] estimated switchgrass total delivery cost of 54 $ Mg À1 for a biorefinery located in Oklahoma and reported that land, production and transportation cost comprised 65% of the total cost. Graham, English, and Noon [13] estimated switchgrass delivered feedstock costs ranging from 33 to 55 $ Mg À1 across eleven US states to supply a facility requiring 100 Gg y
. They found that feedstock transportation costs were greater for larger facilities. These studies focused on modeling cellulosic biomass logistics issues (i.e., establishment, fertilizer management, harvest, transportation, storage) for a single biorefinery. Fewer studies have evaluated cost consequences of multiple biorefineries competing for land to produce feedstock [20] .
The U.S. Environmental Protection Agency (EPA) projected that it will be economically feasible to produce 3 hm 3 of cellulosic ethanol from switchgrass by 2022 [2] . In addition, EPA projected that the majority of the switchgrass would be grown in Oklahoma, perhaps in part because of the variety of land resources and the relatively low opportunity cost of land in the state. The objective is to determine the marginal cost to produce and deliver switchgrass feedstock to biorefineries. The case study includes Oklahoma's 77 counties as production regions. Cost estimates are produced under the assumptions that (1) no more than 10% of a county's cropland and improved pasture land may be bid from current use and converted to switchgrass; (2) each biorefinery has a capacity of 189 dam 3 y
; and (3) switchgrass biomass is converted to ethanol at a rate of 0.35 m 3 Mg
. The number of potential biorefineries is incrementally increased in the model from one until nearly 10% of the state's cropland and improved pasture land is converted. This enables an estimate of the economic consequences of expanding the industry into less favorable locations that would require transportation of biomass from greater distances and production of switchgrass on lands with lower expected yields resulting in greater costs per delivered Mg.
Information gathered from this research provides an estimate of the changes in marginal cost to deliver feedstock as the number of biorefineries increase to produce the mandated levels of biofuels from a potential dedicated cellulosic energy crop. Prior studies have argued that the cost to produce biofuel will be lower from the nth plant than from initial biorefineries as engineers fine-tune the feedstock-to-biobased products production system [4, 20] . However, these studies have ignored the potential increase in feedstock cost for the nth relative to the initial biorefinery.
2.
Modeling, data and assumptions
This study used a multi-region, multi-period, mixed integer mathematical programming model similar to models used in previous studies [20,22e25] . The model is designed and solved to determine the cost to procure, harvest, store and transport a flow of switchgrass biomass to an optimally located set of biorefineries (with the number of biorefineries ranging from one to nine), the area and quantity of switchgrass harvested by county and the number of harvest machines. The model also determines optimal number of harvest units, number of b i o m a s s a n d b i o e n e r g y 6 6 ( 2 0 1 4 ) 3 0 8 e3 1 9
harvest machines and average investment in harvest machines. Binary variables are included to enable the model to determine the most economical plant locations. Integer variables are used to determine the optimal number of harvest machines. The model was solved using the generalized algebraic modeling system (GAMS) with the CPLEX solver. The model includes about 42,200 activities and 9000 equations. Since a spot market for switchgrass feedstock does not exist, a vertically integrated system similar to that used by timber industries [24,26e28] is assumed for modeling purposes. Modeling was based on the assumption that switchgrass production, harvest, storage and transportation would be centrally managing. The model is initially solved to determine the cost to deliver feedstock and the breakeven ethanol price for a single biorefinery. The number of plants is incremented by one and the model resolved until nearly 10% of the cropland and improved pasture land in the 77 counties is converted to switchgrass. It is assumed that plant construction and establishment of switchgrass feedstock occurs in year zero. Activities from year 1 through 20 are assumed to be identical meaning that the annual net benefit is modeled as an annuity. Parameters and parameter values used to estimate the model are presented in Table 1 .
Biorefinery and feedstock supply locations
Sixteen counties were selected as potential biorefinery locations: Pontotoc, Washington, Canadian, Garfield, Okmulgee, Payne, Blaine, Carter, Grady, Kay, Woods, Comanche, Custer, Jackson, Texas and Woodward. These potential biorefinery locations were selected based on biomass feedstock relative density and availability of accessible-road infrastructure. A map of Oklahoma counties showing the 77 potential production regions and 16 potential biorefinery locations is presented in Fig. 1 .
Acquisition of land use and biomass yield
The quantity of cropland and improved pasture land for each Oklahoma county was determined from data reported by the Census of Agriculture [29] . By assumption, land available for conversion from current use to switchgrass was restricted to be no more than 10% of each county's cropland and 10% of each county's pasture land. A biorefinery or group of biorefineries (system) could engage in long term leases with land owners and produce switchgrass on both cropland and improved pasture land. Average 2006e2010 non-irrigated cropland and improved pasture land cash rental rate for Oklahoma ranged from 67 to 69 $ ha À1 and 21e27 $ ha
À1
, respectively [30] . Average long term lease rates that would be required to bid up to 10% of cropland and improved pasture land from current use are unknown. For comparison the average Oklahoma Conservation Reserve Program (CRP) rental payment as of May 2012 for 10-year land leases was 84 $ ha À1 [31] . To compensate for the uncertainty arising from the length of the potential lease and to allow for an increase in land rental rates in response to the potential 10% increase in quantity demanded, rates of 148 $ ha À1 and 99 $ ha À1 were used for cropland and improved pasture land, respectively [25] . Switchgrass yields for each of the 77 counties for both cropland and improved pasture land were based on estimates produced by Basnet et al. [32] . For this study, only average county yields are considered since data regarding yield variability are limited. If yields are normally distributed, total production from the leased land would be insufficient to meet the needs of the biorefinery in approximately half of the production years. If biomass was not available from other sources, such as from production in prior years or from land not leased, the biorefinery would have to be idled for a period of time depending on the production shortage. The expected yield and fertilizer requirements are adjusted depending on month of harvest [33, 34] . Switchgrass harvested in September and October produces greater expected yield and has lower requirement for fertilizer because of nutrient recycling compared to switchgrass harvested in mid-season in July and August. It is also expected that if switchgrass is left to stand in the field there will be dry matter losses of 5% per month from November through March [17, 20, 32, 35] .
2.3.
Harvest, storage, and transportation
The model was constructed based on the assumption that switchgrass could be harvested once per year and that the harvest window could extend from July through March enabling a just-in-time harvest and delivery system for most 
of the year [34] . Harvest operations include mowing, raking, baling and stacking. Days suitable for mowing and baling switchgrass depend on the weather [35] . Distributions of suitable mowing and baling days by month for each of the 77 counties were determined by Hwang et al. [36] . For instance, based on the work day distributions, in 19 of 20 years in Grady County at least 16 days will be suitable for mowing and at least five days will be suitable for baling in October. Harvest cost was estimated based on the integrated harvest unit concept developed by Thorsell et al. [37] . Harvest units were included as integer variables in the model and separated into mowing and baling (rake-bale-stack) units. Mowing units include a self-propelled windrower (142 kJ s
À1
) equipped with a 16 foot rotary header and a laborer. The raking-baling-stacking harvest unit includes three wheel rakes, three 41 kJ s À1 tractors; three balers, three 149 kJ s À1 tractors; a field transporter; and seven laborers. For large volume, and current forage harvest technologies, to collect for field storage and transport substantial distances, large rectangular bales is the least-cost system for harvesting biomass from switchgrass in Oklahoma [38] . The balers are designed to form 1.22 m Â 1.22 m Â 2.44 m rectangular solid bales [37] .
Harvested feedstock may be transported by truck just-intime after baling or stored in the field until needed and transported later. Field storage stacks were assumed to be covered by a plastic tarp at a cost of 2.20 $ Mg À1 [22] . Dry matter losses from precipitation and weathering during field storage are expected to reduce biomass quantity [38] . Storage losses of one percent per month were assumed [3] . Monthly shipments from the field are required to meet the biorefinery's monthly demand. A diesel fuel price of 680 $ m
À3
(the average price paid from 2005 to 2008 for bulk delivery) [39] was used in the computation of harvest and transportation costs.
Cost of transporting switchgrass biomass is based on the transportation cost equation developed by Wang [40] . Wang [40] estimated the cost of transporting biomass by assuming that a semi-tractor trailer will be used to transport switchgrass biomass bales from fields where bales are produced to the biorefinery. The capacity of the trailer was assumed to be 24 bales weighing approximately 0. 
Biorefinery cost
It was assumed that each biorefinery will produce only one output, ethanol. A gasification-fermentation technology was assumed [4, 21] . 
Model equations
Following Tembo et al. [19] and others [21e24] the objective function of the model is to maximize the net present value (NPV) of the system: where the set M refers to months (m ¼ 1, ., 12 for JaneDec); J refers to potential biorefinery locations (j ¼ Pontotoc, Washington, Canadian, Garfield, Okmulgee, Payne, Blaine, Carter, Grady, Kay, Woods, Comanche, Custer, Jackson, Texas and Woodward counties); I refers to potential biomass production regions (i ¼ 77 Oklahoma counties); K refers to the switchgrass production system (k ¼ established on cropland, established on improved pasture land); L refers to the type of land (l ¼ cropland, improved pasture land); and F refers to facilities (f ¼ Processing, Storage). Where r is the price of ethanol; Q jm is the quantity of ethanol produced in month m by biorefinery at location j; d k is the cost of producing switchgrass with system k excluding cost of land, fertilizer and harvest; A ilm is the land harvested in month m from land class l in county i; z l is the cost of land class l; a lm is the cost of applied nitrogen to land class l harvested in month m; g lm is the cost of applied P 2 O 5 to land class l harvested in month m; s ij is the round-trip cost of transporting biomass from county i to biorefinery located at j; XT ijkm is the quantity of biomass transported from county i in month m from system k to a biorefinery at location j; G k is the cost of storing biomass in the field with production system k; XSIP ikm is the quantity of biomass placed in storage in month m from system k in county i; POMC f is the cost of operating and maintaining type f facility; b j is a binary variable for biorefinery at location j (1 if built, 0 otherwise); u is the annual cost of a mowing unit; HUM is an integer variable of the total number of mowing harvest units; 6 is the annual cost of a raking-baling-stacking unit; HUB is an integer variable representing the total number of raking-baling-stacking harvest units PVAF; is the present value of annuity factor where
AFC f is investment cost for facility type f in year 0 at location j. The objective function in equation (1) is maximized subject to a set of constraints. Equation (2) is the cropland constraint equation that restricts total planted switchgrass area in a county on cropland to not exceed the quantity of available cropland (POTACRE il ) times a set proportion (BIPROP) of 10%.
Equation (3) imposes a similar restriction for improved pasture land BIPROP1 is the set proportion of 10% on improved pasture land.
Equation (4) represents a yield balance used in computing the quantity of switchgrass biomass produced on the harvested lands.
where X ilm is the quantity of biomass harvested in month m from land class l in county i; BYLD il is the biomass yield from production in county i on land class l and YAD km is the biomass yield adjustment factor for production system k harvested in month m. Equation (5) limits the months in which switchgrass can be harvested. YAD km is set to zero for the months of April, May and June, indicating no harvest in those months. Harvesting in those months in Oklahoma may damage switchgrass plants.
Equation (6) balances that the sum of biomass transported to the plant location from production regions at each source and in each month, plus biomass stored, with the sum of current production and the usable portion of stored biomass at the source county.
where qI k is the usable proportion of biomass from production system k stored in field (1 e storage loss %); XSI ikm is the biomass stored in field in month m from system k in county i. Equation (7) balances the total biomass quantity transported to the plant plus the total storage loss with quantity harvested.
Equation (8) balances the total quantity of biomass harvested in addition to the quantity of biomass removed from field storage each month with the quantity of biomass transported from each county to the plant plus the amount of biomass placed in storage at the biorefinery. maxNPV Q jm ; A ilm ; XT ijkm XSIP ikm ; X ilm ; XP jkm ; XSI ikm ; XSIN ikm ; XSJ jkm ; HUB; HUM
where XSIN ikm is the biomass removed from field storage in month m from system k and county i. Equation (9) restricts plant processing capacity in each month at each location and equation (10) restricts monthly storage capacity at each biorefinery.
where CAPP is biorefinery processing capacity.
where XSJ jkm is the biomass stored in month m from system k onsite at biorefinery location j and CAP is the onsite biomass storage capacity at the biorefinery. Equation (11) balances the quantity of biomass transported to the plant in month m minus the amount processed at the biorefinery in that month to the change in biomass storage inventory.
where qJ k is the usable proportion of biomass from production system k stored onsite at the biorefinery (1 e storage loss %) and XP jkm is the biomass processed in month m from system k by the biorefinery at location j. Equation (12) balances the total biomass delivered from each production county to the biorefinery(ies) with the sum of processed biomass plus storage losses.
Equation (13) imposes a minimum biomass inventory (BINV) at the plant.
Equation (14) imposes ethanol production in each month to not exceed the capacity of the biorefinery(ies).
where l k is the quantity of ethanol produced from 1.0 Mg of biomass from production system k. Equation (15) imposes a restriction on the number of endogenously determined mowing harvest units in any month to not exceed the available number of units.
where XHUM im is the proportion of a mowing harvest unit used in month m in county i.
The sum of raking-baling-stacking harvest units used in each month is restricted by equation (16) to not exceed the total number of raking-baling-stacking harvest units endogenously determined by the model.
where XHUB im is the proportion of a raking-baling-stacking harvest unit used in month m in county i.
Equations (17)e (20) ensure that the amount of harvested biomass in each month not exceed the harvesting capacity of the number of mowing harvest units and raking-balingstacking harvest units.
where CAPHUM m is the capacity of a mowing harvest unit in month m; FWD im is the field work days suitable for mowing in county i in month m; DCAMHU m is the daily capacity of a mowing harvest unit in month m.
where XHUM im is the proportion of a mowing harvest unit used in month m in county i;
where CAPHUB m is the capacity of a raking-baling-stacking harvest unit in month m; BWD im is the number of field work days suitable for raking-baling-stacking in county i in month m; DCABHU m is the daily capacity of a raking-baling-stacking harvest unit in month m.
Equation (21) ensures that the raking-baling-stacking usage in each production region in each month does not exceed capacity.
Equation (22) sets an upper bound on the number of biorefineries that can be built.
where b is the maximum number of biorefineries. Initially, the model was restricted to a single biorefinery (b ¼ 1). The number of plants was incremented by one (the level of b was adjusted) and the model resolved until nearly 10% of the cropland and improved pasture land in the 77 counties was converted to switchgrass. Equation (23) 
The quantity of mowing harvest units (HUM) and the quantity of cutting and raking-baling-stacking harvest units (HUB) are limited to be non-negative integer values.
The biorefinery location is restricted to be binary variable (equation (24)).
Results
The estimated average (across all biorefineries) and marginal costs (the cost for each successive biorefinery) to deliver feedstock for one to nine biorefineries are reported in Table 2 ) increase in average feedstock transportation cost as the number of biorefineries increases from one to nine.
The model optimally selects the least-cost location for each biorefinery. Figs. 2 and 3 illustrate optimal biorefinery location and counties that produce feedstock for a single and for nine biorefineries, respectively. As shown in Table 2 the cost to deliver switchgrass feedstock is greater for each successive biorefinery. Given the constraint that no more than 10% of the cropland and no more than 10% of the improved pasture land can be used to produce switchgrass, and based on the estimated yields, the state would be limited to nine 189 dam 3 y À1 capacity biorefineries. Insufficient biomass would be available to support a 10th biorefinery of that size. The cost to deliver biomass to the ninth biorefinery of 87 $ Mg À1 is 58% greater than the cost to deliver to the first biorefinery (55 $ Mg
À1
). Harvest cost is 21% lower for the ninth plant relative to the first plant. This finding follows from the assumption that harvest is conducted by coordinated harvest crews and from the assumption that mowing and rake-bale-stack harvest units are acquired in integer units and that the nine biorefineries would share harvest machines and harvest crews. One consequence is that excess harvest capacity is relatively less if the state has nine rather than only one biorefinery. This is not true across the entire spectrum of biorefineries. For example, harvest costs for the sixth plant are estimated to be 16.24 $ Mg À1 , 26% greater than the 12.84 $ Mg À1 harvest cost for the fifth biorefinery. The optimal number of harvest units, number of harvest machines and average investment in harvest machines for one to nine biorefineries are presented in Table 4 . Moving from four to five biorefineries requires the addition of 10 rake-bale-stack units. However, moving from five to six biorefineries requires the addition of 13 rake-balestack units. The optimal number of purchased harvest machines, if shared across five biorefineries have almost no excess capacity. However, when the sixth biorefinery is added more harvest machines are required, but not all are used at full capacity. For a single biorefinery the optimal number of mowing units (self-propelled windrower) is 15 and for nine biorefineries the optimal number of mowing units is 131. In addition, the optimal number of raking-baling-stacking units is 12 that includes 36 rakes, 36 balers, 12 field stackers, 36 tractors (41 kJ s
) for raking, and 36 tractors (149 kJ s
) for baling for a single biorefinery. For nine biorefineries the optimal number of raking-baling-stacking units is 100 that includes 300 rakes, 300 balers, 100 field stackers, 300 tractors (41 kJ s
) for raking, and 300 tractors (149 kJ s À1 ) for baling. Table 2 also includes an estimate of the feedstock cost per unit of ethanol produced. The estimated feedstock cost is 157 $ m À3 for the first biorefinery and 248 $, 58% greater for the 
ninth biorefinery. Clearly, the location and selection of land on which to establish switchgrass and the location of the biorefinery designed to use the feedstock will have economic consequences that will span the life of the plant and/or the life of the land use arrangements. Table 2 also shows that for a single biorefinery the estimated storage cost is relatively low (0.45 $ Mg
). This estimate is a result of the assumption of a nine-month harvest window enabling harvested feedstock to be transported by truck soon after harvest in a just-in-time manner during nine months of the year. The nine month harvest window reduces the investment required in harvest machines and reduces the cost for feedstock storage relative to that of a system using a narrower harvest window. The average biomass storage cost per unit of feedstock is relatively unchanged as additional biorefineries are constructed.
The quantity of cropland and improved pasture land optimally leased, biomass harvested, and average yield for each of 
the nine biorefineries is reported in , respectively, but for nine biorefineries the expected yields across all land converted are reduced to 6.5 Mg ha À1 and 5.6 Mg ha
. As the number of biorefineries is increased, subsequent plants are located in regions with less productive land requiring an increase in average feedstock transportation distances.
The breakeven ethanol price for each biorefinery, average breakeven ethanol price across plants, ethanol price equivalent to gasoline price, crude oil equivalent price and optimal plant locations with increased number of biorefineries are reported in Table 5 . Investment and operating and maintenance costs for each biorefinery were assumed to be fixed at approximately 580 $ m À3 [4] . Differences in marginal breakeven ethanol price reported in Table 2 follow from the differences in the marginal costs of delivered feedstock. Thus, the breakeven price for the first biorefinery is estimated to be 740 $ m [42] . Given the assumptions that each biorefinery is the same size, has the same feedstock requirements and cost structure, as the number of the biorefineries is increased, the cost of delivered feedstock increases which increases the breakeven price of ethanol.
Conclusions
The cost to deliver feedstock increases as additional biorefineries are constructed. As additional biorefineries are 11.14 a These findings follow from the assumption that harvest is conducted by coordinated harvest crews and from the assumption that mowing and rake-bale-stack harvest units are acquired in integer units and that harvest machines and harvest crews could be shared across situations with multiple biorefineries. In most cases the "last" harvest unit "purchased" will not be used at full capacity.
b i o m a s s a n d b i o e n e r g y 6 6 ( 2 0 1 4 ) 3 0 8 e3 1 9 located in regions with lower expected yields, more land is required, and as switchgrass must be established on more land, transportation distances increase. The breakeven price increases with the number of biorefineries as cost to deliver feedstock increases. Initial cellulosic biorefineries will have an opportunity for establishing a feedstock cost advantage by (a) carefully selecting a location for the biorefinery; (b) strategically selecting land for conversion to switchgrass; and (c) by acquiring long term land use rights for the selected land perhaps through negotiating long term leases.
Discussion
In addition to the standard caveats associated with normative mathematical programming models, this study has several limitations and shortcomings. First, each biorefinery is assumed to be identical, operate at full capacity and have identical investment and operating and maintenance cost. Second, the model as executed was solved to first identify the optimal location for one biorefinery, then for two biorefineries, and eventually for nine biorefineries. These results would be appropriate for a single company that was seeking to determine how many biorefineries to build and where they should be located. Results may differ if the model was solved to identify the location of the next biorefinery subject to the added constraints that some biorefineries existed and the land leased by the existing biorefineries was not available for lease by the next facility. For example, the model as executed, when permitted to select the most optimal locations for a company that planned to construct seven biorefineries chose to locate them in Canadian, Comanche, Garfield, Okmulgee, Pontotoc, Washington and Woodward counties. However, if the model had been forced to identify the location for the seventh biorefinery after the first six had been identified, plants would have already been located in Grady and Woods Counties.
When adding the seventh plant under the assumption that no plants exist, the model chooses to add Canadian, Comanche, and Woodward counties and to not have plants in Grady and Woods counties. It is reasonable to assume that if plants already existed in Grady and Woods Counties, it would not be economical to close them and build new biorefineries in Canadian, Comanche, and Woodward counties. If the seventh plant was selected subject to the existence of the initial six plants the estimated marginal costs would be greater than those reported. A third limitation is that land for conversion to switchgrass in each county was limited to 10% of the cropland and 10% of the improved pasture land. Local land leasing rate response to alternative levels of conversion from existing use to switchgrass remains to be determined. As more land is leased the expected lease rate will also increase resulting in an even greater expected feedstock cost for the nth biorefinery.
A fourth limitation is that switchgrass biomass yield variability was not considered. If yields are normally distributed and correlated within year across counties, total annual production from the land identified for leasing would be insufficient to meet the annual needs of the biorefinery in approximately half of the production years. Alternatively, biomass production in excess of biorefinery needs could be expected in approximately half of the years. As more information becomes available regarding switchgrass yield variability across years and across counties within years, additional modeling would be required to determine the economic tradeoffs among a strategy that includes year-toyear storage, a strategy that requires idling the plant during years of insufficient feedstock production, and a strategy to find and purchase other sources of feedstock.
Finally, the specific cost estimates follow from the model assumptions and parameter values. Adjustments to key parameter values such as biomass to ethanol conversion rate, fuel price, land lease rates, and other input prices would result Crude oil equivalent price $ Mg in different estimates. However, the location and selection of land on which to establish switchgrass, the arrangements used to procure the feedstock, and the location of the biorefinery designed to use the feedstock, will have economic consequences that will span the life of the plant and/or the life of the land use arrangements.
